Correlative video-enhanced light microscopy, high-voltage transmission electron miaompy, and low-voltage high resolution scanning electron microscopy were used to examine the binding of colloidal gold-labeled fibrinogen to platelet surfaces. Optimal conditions for the detection of large (18 ~~ ~~ ' Supported in part by grants HL 29586 and RR 570 from NIH.
Introduction
Colloidal gold conjugated to a wide variety of biologically active molecules has proved to be an extremely useful label for localization of cell components at the microscopic and the ultrastructural level (2.13) . It is easily visualized by both scanning electron microscopy (SEM) and transmission electron microscopy (TEM) (4, 8, 14) . Individual particles of 10 nm and above are detectable, but not resolvable, by various types of light microscopy (1~5). Colloidal gold particles can be made in sizes ranging from 1-150 nm (10, 21) . The larger particles are most useful for applications where ease of detectability is important. Medium-sized particles, (10-20 nm) are still large enough for single particles to be detected by light microscopy and are resolvable by standard SEM and TEM. Smaller particles, in the 1-5-nm range, may be desirable in cases when the path tc the structure or molecule to be labeled is obscured by other structures, when the structures to be labeled are small and close together, or when a high particle concentration is necessary to achieve satisfactory labeling density (1, 2, 6) .
Positive identification of gold markers by conventional SEM has required the use of the backscattered electron (BSE) signal which is characteristic of changes in atomic number (2) . As the size of the particles decreases substantially below the range of the primary (beam) electrons, the amount of BSE signal produced becomes proportional to the volume of the particle and the only way to maintain sufficient signal level is to reduce the range by reducing the beam voltage (Vo). However, the simple prescription of lower Vo for smaller particles is complicated by the fact that to detect smaller particles the beam diameter must also be reduced when, in fact, the beam diameter gets larger at low voltage, other factors being equal. Therefore, there is usually an optimal voltage for viewing gold particles of a particular size with a given instrument. Hermann et al. (12) pointed out that under their instrumental conditions (Hitachi H-600 TEMISEM) the optimal voltage for viewing 5-nm gold was approximately 30 kV, while that for 15-nm gold was 75 kV. Now that high resolution SEMs with field emission (FE) guns and low-aberration lenses have become available (16) . clectron probes small enough to resolve small gold particles can be produced at even lower voltages (19) , and it is a goal of this article to describe what may be the optimal conditions with this type of instrumentation.
Below Vo 2 5 kV there is an additional complication: the energy of the BSEs is proportional to Vo, and therefore as V, is reduced the energy deposited in the BSE detector becomes more difficult to measure. Consequently, the detection of low-energy BSEs has required the development of improved BSE detectors (5) . Where such detectors are available, optimal performance for 1-nm gold particles was obtained at Vo = 10 kV (M. Muller, Zurich, personal communication) under the electron optical conditions present in the Hitachi S-900 field emission SEM equipped with a specially treated YAG-Ce detector developed by Autrata (5) .
A similar evolution of thought can be seen in the field of secondary electron (SE) imaging. Here again, instrumental consider- ation initially favored high Vo because it simplified the electron optical problem of producing a small probe diameter. As these constraints have been overcome by modern instruments, the advantages of low beam voltage. such as increased image contrast and reduced charging and radiation damage, have become evident (18, 20) .
With the field emission SEM, it is possible to shift from a z-contrast showing the gold particles to a surface image indicating the topography, not by changing from the SE to the BSE detector but by collecting secondary electrons and changing Vo from 5 kV to 1 kV (4) .
Dried biological specimens are very good insulators. As the total number of SE and BSE emitted is usually less than the beam current, a negative charge will build up in an insulating specimen when it is viewed in the SEM. The solution to this problem has been to render the specimen conductive, either chemically (17) or by metal coating (9) . The problem that this poses for t-contrast imaging of gold particles is that both these procedures add high z atoms near the surface and these tend to produce signal which masks that from the gold particles. This problem becomes more severe as the size of the particles decreases. It can be approached by providing the rcquircd conductivity by coating with carbon rather than metal, but this procedure produces relatively low-quality SE images of the surface topography unless the latter are obtained at very low Vo (4.19) .
A second approach is to observe uncoated specimens at low V,, taking advantage of the fact that the total SE + BSE coefficient (6) approaches unity at low V,, greatly reducing the charging problem. The problem here is that, although conditions can be adjusted to make 6 = 1 for a flat surface of uniform composition, it will still approach zero in any holes in the surface, while it will usually be >1 on the top of protuberances. In other words, only relatively flat specimens can be observed at low V, without charging. In addition to this limitation, only the SE image is available because the Vo for 6 = 1 is usually in the range of methods used in the isolation and labeling of the platelets have been described previously (3J5). The large probes were made by conjugating fibrinogen directly to 18-nm gold particles. The small probes were made by conjugating Fab fragments of anti-fibrinogen to 3-nm gold particles. The binding and movement of the gold probes on living platelets was followed using video-enhanced, differential interference contrast (VDIC) light microscopy with real-time computer image processing for contrast enhancement and noise reduction. Individual large gold particles could be followed as they bound to and moved across the platelet surface, collecting in a band around the center ofthe platelet (Figure 1 ). The presence ofthe small gold probes, however, could be detected only as a darkening of the platelet surface where a high concentration of the partides had accumulated. After observation by VDIC, the specimens were fNed, dehydrated in cthanol. and dried either by the critical-point pmedurc or by fmze-drymg. The same cells as were observed by light microscopy were then im-aged by stereo-pair, high-voltage (1 MeV) TEM to show the relationship of the label to the internal structural organization ( Figure  2 ). The cytoskeleton of a fully spread platelet is organized into zones distinguished ultrastructurally as the peripheral web, a dense meshwork of actin filaments at the platelet margin; the outer filamcntous zone, a looser network of actin filaments and microtubules; and the inner filamentous zone, a denser network of actin filaments and microtubules surrounding the central granulomere (llJ5). The gold-labeled fibrinogen bound initially over the outer filamentous zone and moved to a final position over the inner filamentous zone. Finally, the same specimens were viewed, uncoated or thinly coated, by high-resolution, low-voltage field emission scanning electron microscopy in a Hitachi S-900 instrument. Low accelerating voltages (1-1.5 kV) were used to determine the label positions and their distribution relative to surface structure (Figure 3 ). Higher voltages (2.5-5 kV and up, secondary or backscatter imaging) were then used to confirm the identity of the gold labels (Figures 4 and 5) . Al-though either large or small gold particles could be identified by z-contrast at low Vo on uncoated specimens, charging of the specimen prevented the attainment of a clear micrographic image ( Figure  6 ). W h e n the specimen was thinly coated with platinum (1-2 n m ) by ion beam sputtering, charging was eliminated and a detailed image of the platelet surface was obtained at low Vo, but the small particles could not be distinguished from surrounding protein structures (Figure 7a ). Increasing the voltage to 5 kV allowed differentiation of the small gold particles on either coated or uncoated specimens by z-contrast, but reduced the contrast available for imaging the platelet surface (Figure 7b ). The large gold probes could be identified in the LVSEM either by their shape at low (1 kV) Vo (Figure 8a) or by z-contrast at higher ( 5 kV) beam voltages (Figure 8b) . At low Vo the surface of the fibrinogen coating over the gold particles was seen. At higher Vo the gold particles were clearly visible, and the fibrinogen to which the gold particles were conjugated appeared as a less intense halo surrounding the gold particles.
Conclusion
Correlative VDIC, HVEM, and LVSEM studies of colloidal gold labeling of cells provide a more complete understanding of the processes involvcd than do any of these microscopic techniques alone. Individual large gold particles and concentrations of small gold particles can be detected by VDIC. HVEM permits correlation of the final positions of the labels with internal cell structure. With the field emission SEM, electron probes small enough to detect small gold particles can be produced at low accelerating voltages. This makes available high-resolution secondary electron images of the surfaces of lightly coated or uncoated cells at low Vo. With the new YAG scintillator, it is also possible to identify small gold particles by backscatter electron imaging at low kV, improving the detectability of the gold labels on rough cell surfaces.
